UrQMD phase-space coalescence calculations for the production of deuterons are compared with available data for various reactions from the GSI/FAIR energy regime up to LHC. It is found that the production process of deuterons, as reflected in their rapidity and transverse momentum distributions in p+p, p+A and A+A collisions at a beam energies starting from the GSI energy regime around 1 AGeV and up to the LHC, are in good agreement with experimental data. We further explore the energy and centrality dependence of the d/p ratios. Finally, we discuss antideuteron production for selected systems. Overall, a good description of the experimental data is observed. The results are also compatible with thermal model estimates. Most importantly this good description is based only on a single set of coalescence parameters that is independent of energy system size and can also be applied for anti-deuterons.
I. INTRODUCTION
The collision of heavy and light ions at various beam energies allows to explore the properties and dynamics of strongly interacting matter, i.e. matter governed by the laws of Quantum Chromodynamics, QCD. QCD matter under extreme conditions has been present during the first microseconds after the Big Bang and is nowadays present in neutron star mergers and other compact stellar objects. An ideal environment to probe dense QCD matter in the laboratory is given by the collision of light and heavy ions in accelerators like the SIS18 at GSI or at the future FAIR facility. Here similar energies, as previously in the BNL-AGS and nowadays at the RHIC-BES program, are probed. The production of nuclear clusters, e.g. deuterons is especially interesting because it can shed light on the formation process, e.g. direct thermal production or coalescence. This is especially interesting in the light of the recent ALICE data (on nuclear clusters) at LHC and their interpretation in terms of the thermal model [1] . At high beam energies it may be difficult to distinguish coalescence from direct thermal production from the yields alone as the yields of both processes seem to be similar [2] . On the other hand, differential observables like p T distributions and collective flow may turn out to be more sensitive to the formation process and time. In addition, deuteron formation by coalescence provides information on the 2-particle phase space distribution of nucleons complementary to HBT studies. To study the deuteron formation in a wide energy range, we employ the UrQMD model [3, 4] to investigate the deuteron production from phase-space coalescence. This will allow us to probe the phase space density of nucleons at kinetic freeze-out and therefore constraints the evolution of the system. In the energy regime from E lab = 1A GeV -20A GeV a multitude of experimental data on cluster production is available. The measured yields and spectra (dN/dy and dN/dm t ) of deuterons and protons are compared to experimental data and the RQMD model. Moreover, the energy dependence of the ratio of (anti-)deuterons to (anti-)protons in p+p and nucleus-nucleus collisions are calculated and compared with experimental data and thermal model fits.
A. The UrQMD model with coalescence
The Ultra relativistic Quantum Molecular Dynamics (UrQMD) transport model is based on the binary elastic and inelastic scattering of hadrons, including resonance excitations and decays, as well as string dynamics and strangeness exchange reactions [3] [4] [5] . The model employs a geometrical interpretation of the scattering cross sections which are taken, when available, from experimental data [6] or model calculations.
The default version of UrQMD does not include the formation of deuterons or other nuclear clusters. To calculate the abundancies and spectra of nuclear clusters different approaches are possible. E.g. in previous calculations using the UrQMD hybrid approach [7] the production of clusters was calculated via the Cooper-Frye equation on a hypersurface of constant energy density. An alternative way is to follow the Gyulassy, Frankel, Remler approach [8] based on the von Neumann equation for the n-body density ρ(t). The cross section to observe a deuteron in the final state is then given by σ D = lim t→∞ T rρ D ρ(t) with ρ D being the Wigner transform of the deuteron state. In practical calculations the formation of deuterons in this "Wigner function" approach is calculated at the last point of interaction of arXiv:1805.11509v1 [nucl-th] 29 May 2018 either nucleon. This Wigner function approach has been applied very successfully in the description of deuteron production, see e.g. [9] [10] [11] [12] [13] .
Finally, it is possible to use a direct coalescence approach [14] , either in momentum space or coordinate space or in full phase space. Here one defines a maximum relative momentum ∆p and/or a maximum distance ∆r between the proton and the neutron to from a deuteron. For many years only momentum space coalescence was used, however it was shown that momentum space coalescence cannot capture all features observed in the data. Phase space coalescence on the other hand has been shown to work successfully and to yield results similar to the Wigner function approach, see e.g. [10] . While the Wigner function approach is usually thought of to be the most advanced one, it has practical problems due to the fact that a classical n-body density as evolved in transport calculations does not obey the proper orthogonality relations expected from a quantum system. While this might sound like a formal problem, this drawback of the Wigner function approach can lead practically to a non-conservation of baryon number. However, if one aims at exploring event-by-event fluctuations of the netbaryon number, this quantity needs to be conserved on an event-by-event basis. Therefore, we choose to use the direct phase space coalescence approach for our investigations as it leads to similar results as the Wigner function method, but allows to conserve baryon number explicitly.
For the purpose of this work, we model deuteron formation in UrQMD via phase space coalescence at the point of last interaction of the respective proton and neutron in space and time. The method we use comprises the following steps:
1. During the evolution of the system, we follow the protons and neutrons until their individual spacetime points of last interaction.
2. For each p-n pair the momentum and position of proton and neutron is boosted to the 2-particle restframe of this p-n pair.
3. The particle that has decoupled earlier is then propagated to the later time of the other particle.
4. We calculate the relative momenta ∆p = | − → p 1 − − → p 2 | and the relative distances ∆r = | − → x 1 − − → x 2 | of the p-n pair in the 2-particle restframe at equal times. The yield of deuteron candidates is then given by the condition of ∆p < ∆p max and ∆r < ∆r max . Here we use the parameter set of ∆p max = 0.28 GeV/c and ∆r max = 3.5 fm.
5. For each deuteron candidate we perform the statistical spin and isospin projection to the deuteron state (probability 1/2 · 3/4 = 3/8) [10] . Then, the chosen p-n pair is marked as a deuteron and its constituent nucleons are removed from the phase space distribution. [16] [17] [18] and ALICE (circle and triangle) [19] .
It is important to note that the parameters for deuteron formation are kept independent of energy, collision system and centrality. Yet, as we will see, the chosen parameter values provide a good description of the available data in a wide range of systems and beam energies. 
II. RESULTS
In the following we will present extensive comparisons of UrQMD model results with experimental measurements of deuteron production at various beam energies and system sizes. We will mainly distinguish between proton induced reactions, p+p and p+A and nuclear reactions A+A. The calculated yields, ratios, rapidity and transverse momentum distributions will give us a good insight into the validity of the coalescence approach and possible shortcomings.
All simulations are performed using UrQMD with deuteron production via the coalescence approach as described above.
A. Proton induced reactions
Proton induced reactions are a clean 'testbed' for our model studies. the amount of particles produced in proton induced reactions is relatively small as compared to heavier collision systems. Furthermore, the produced system is smaller, so we can expect the results to be less dependent on possible final state interactions. The deuteron can be formed early on and will leave the collision zone mainly undisturbed. Figure 1 shows the rapidity distributions of protons and deuterons in minimum bias p+Au (left) and p+Be (right) collisions at a beam energy of 14.6A GeV. The symbols denote the experimental data, the lines indicate the UrQMD calculations. The deuteron and proton yields are consistent with the experimental E802 data [15] , and the rapidity distributions are well reproduced.
As similarly good description of the d/p ratio can also be obtained for the highest beam energies achievable at the LHC. The integrated, midrapidity |y| < 0.5, yields (dN/dy) of of deuterons and antideuterons in p+p collisions are calculated by the UrQMD model for different center-of-mass energies √ s N N = 0.9, 2.76 and 7 TeV and compared to recent ALICE data, as shown in Table I .
We can see that our results are close to the ALICE experimental data. Using the integrated yields from table one can cal- We find that at high energies, the our data consistent with the experimental data.
B. Nucleus-Nucleus reactions
In the following we will present results of (anti-)deuteron production for collisions of light to heavy nuclei at various beam energies.
Starting with the lowest beam energies, we compare the rapidity distributions (dN/dy (0) ) of deuterons, protons and π − for central Ni+Ni collisions (with b ≤ 1.8 fm) at beam energies 1.93A, 1.45A and 1.06A GeV with FOPI data [20] , as shown in figure 4 . Here y (0) = y/y cm is the rapidity scaled with the center-of-mass rapidity y cm . We find that our results are consistent with the FOPI data. Only for the lowest beam energy we observe deviations at forward and backward rapidities. However, these deviations are expected for the lowest beam energies as we did not include the effects of nuclear potential interactions in our simulations. These interactions are know to significantly effect the formation of nuclei at the lowest beam energies. As a result, the proton and deuteron rapidity distributions from UrQMD have a similar shape at different energies.
Going to higher beam energies, figures 4 and 5 present results of our calculations for Au+Au collsions at a beam energy of 10.8A GeV. The rapidity distributions (dN/dy) of protons and deuterons in two transport simulations with an impact parameter of b = 3 fm are shown in figure 4 . The figure presents the rapidity distributions from our UrQMD study compared to those obtained in earlier RQMD model calculations [10] . Both the proton and deuteron rapidity distributions are peaked around mid-rapidity (at at lab rapidity of about 1.6), due to the increased stopping power in the symmetric heavy-ion collision. Figure 5 shows a comparison of our calculations with actual experimental data at that beam energy. The invariant yields of deuterons at p t = 0 as a function of rapidity are shown for in central (left) and minimumbias (right) Au+Au collisions at a beam energy of 10.8A GeV. The lines are calculated by the UrQMD model and are compared to data from the E878 experiment [21] . We find that our data are consistent with the E878 data. as expected, the yields in central collisions are higher than in minimum-bias collisions, but also the shape of the rapidity distribution is changed due to the decreased stopping in peripheral collisions.
As the last beam energy we present results for deuteron production in different colliding systems at a beam energy of 14.6A GeV. At this beam energy a wealth of deuteron measurements where taken which allow a systematic comparison with our model calculations.
First, shown in figures 6 and 7 are the rapidity distributions of protons and deuterons in Si+Au and Si+Pb collisions at a beam energy of 14.6A GeV for different centralities. Again we observe that the yields (dN/dy) of protons and deuterons are reasonable agreement with experimental E802 data [22] as shown if figure 6 .
Similarly the figure 7 shows invariant yields of deuterons as a function of rapidity in central (left) and minimum-bias (right) Si+Pb collisions at a beam energy of 14.6A GeV at p t = 0. The lines indicate the UrQMD calculations, the symbols denote the E814 data as shown in [23] . We find our invariant yields to be in good agreement to the ones measured by E814. Moreover, we show invariant yields of deuterons as a function of m t − m in Si+Al, Si+Cu and Si+Au central (b = 3 fm) at a beam energy of 14.6A GeV. We compare our results to data from the experiment E802 [22] in figure 8 . For central collisions, the rapidity interval is y = 0.5 to 1.5 with ∆y = 0.2. For peripheral collisions, the rapidity intervals are y = 0.4 to 1.0 for Si+Al and Si+ Cu, y = 0.5 to 1.1 for Si+Au with ∆y = 0.2. Each successive spectrum is divided by 100. The invariant yields are determined as
where m t is the transverse mass
We find that our results are consistent with the data from the experiment E802. The resulting invariant yields of deuterons for the three targets and for each rapidity interval show that the invariant yields decrease with increasing rapidity.
Given the results presented above, we have established that deuteron production at moderate energies can be very well described by a single energy and system size independent phase space coalescence parameter set. In the last steps we want to explore, if this single parameter set can also be used to describe deuteron production at the highest available energies, namely Pb+Pb collisions at the LHC. In Fig. 9 we show the ratio of deuteron to protons plus anti-protons in Pb+Pb collisions at √ s N N = 2.75 TeV as a function of the charged particle multiplicity. Here we used the UrQMD+hydro hybrid version of the code to properly take into account the long equilibrium expansion of the fireball. The coalescence procedure is applied after the hadronic rescattering phase, as described above. In addition we also plotted the values for proton-proton reactions at different beam energies with their corresponding N ch , indicated as open squares in the left part of the figure. The UrQMD/hybrid results are compare to ALICE data [24] . One observes a very good agreement between the measured data and the calculations over the whole range of centralities/multiplicities. Thus, we can conclude that deuteron production at the LHC can be very well de- [19, 29] .
scribed by coalescence of protons and neutrons with the same parameters used at much lower beam energies.
Finally we present the invariant yields of antideuterons (d) and antiprotons (p) at p t = 0 as a function of rapidity in minimum-bias Si+Au collisions at the beam energy of 14.6A GeV. Our results are compared to the data from experiments and a RQMD model study [11] as shown in figure 10 . We can see that our data are in reasonable agreement with both experiments and RQMD. The solid circle represent our model results, the dashed lines denote the thermal model fit [25] and the open square denote the results from STAR [26] .
C. Excitation function
In the last section we summarize the energy dependence of the deuteron-to-proton ratio for central Au+Au collisions, with b = 3 fm. The mid rapidity ratios (|y| < 0.3) where calculated at √ s N N = 2, 5, 7.7, 11.5, 14.5, 17 and 19.6 GeV and shown as red circles in figure 11 . The circles are compared to a fit of thermal model [25] and experimental data from the STAR collaboration [26] . We find that our data is consistent with both the thermal model and the experimental data. The decrease of the d/p ratio is due to the decreasing phase space density for baryons at higher beam energies.
III. SUMMARY
In the present paper, we have provided a benchmarking transport model study of deuteron production in the FAIR and up to the LHC energy regime. The UrQMD+coalescence model with parameters ∆p max = 0.28 GeV/c and ∆r max = 3.5 fm provides a very good description of the available data of deuteron production. Starting from proton induced reactions (p+p and p+Au, p+Be) at low and high energies towards central Pb+Pb reaction at the LHC we find that deuteron production for all systems can be described by coalescence with the same phase space parameter. Given the current discussion of the deuteron production at LHC, we want to stress that coalescence provides similar results for the d/p ratios as the thermal model over the whole range of expected energies. In addition it captures the decrease of the d/p ratio for the high centrality bin in Pb+Pb reactions at the LHC. Moreover, we have demonstrated that the data of invariant yields of (d) and (p) at p t = 0 as a function of rapidity in minimum-bias Si+Au collisions at 14.6A GeV is in agreement with both UrQMD and RQMD calculations.
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